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Since  the  identification of  fl-aminopropionitrile (BAPN)  as  the  injurious 
substance contained in the sweet pea Lathyrus odoratus other compounds having 
similar effects  on the  connective tissue of  young rats  have been synthesized 
(1-3). The mechanism by which these various substances damage connective 
tissue has not been described. Also to be explained is the rather selective action 
of these agents on connective tissue at sites of stress and the modification of 
the injury following removal of the stress (4-6). 
The active compounds are of three types: aminonitriles, mercaptoamines, and 
semicarbazides. Although structurally dissimilar it is plausible that their simi- 
lar biological effects result from their ability to combine and inactivate, either 
directly or after metabolic alteration, an enzyme. To investigate this hypothesis 
it  was  decided  to  study  the  action  of  aminoacetonitrile  (AAN)  on  the 
cytochrome C oxidase extracted from rat connective tissue and rat myocardium. 
Materials  and Methods 
Cytochrome C oxidase was prepared from fresh rat myocardium following the procedure 
described by Keilin and Hartree (7). 
Connective tissue for cytochrome C oxidase assay was obtained from croton oil pouches 
(8) formed in eight 125 gm Sprague-Dawley rats (0.5 cc of 5 per cent croton oil and 10 cc 
air). Pouches were permitted to form for 3 days and 5 days. The rats were then killed (blow 
on head  followed by decapitation),  the  pouches quickly removed, and opened to discard 
contained exudate. The connective tissue obtained from the pouches was immediately washed 
and scraped in ice cold water to remove residual exudate, irritant, and necrotic debris. Fat 
and skeletal muscle were removed, the tissue cut into small pieces, homogenized with a 
ground glass tissue homogenizer, and then cytochrome oxidase was extracted by the method 
of Keilin and Hartree  (7). The entire procedure was carried out at 0-4°C. 
The granuloma pouches provided immature connective tissue. Dense or mature connective 
tissue was obtained from the dermal layer of rat skin which is composed almost entirely of 
dense fibrous connective tissue. The dermal layer was obtained by removing pelts from four 
rats, immersing them in ice cold water, and scraping off the hair and epidermis with a scalpel. 
The loose subcutaneous tissue, adipose tissue, and panniculus camosus were removed in a 
similar manner, leaving a sheet of fibrous connective tissue which was cut into small pieces 
and homogenized, and the cytochrome oxidase extracted. 
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A  representative portion of  the  tissues studied was  fixed  in formalin and  prepared  for 
microscopic examination. 
AAN-H2SO4 was synthesized according to the method of Anslow and King (9). Methyl- 
eneaminoacetonitrile (MAAN), an intermediate in the synthesis of AAN was washed thor- 
oughly and recrystallized three times to eliminate possible contamination with sodium cyanide 
required in the synthesis. MAAN was tested for inhibition of cytochrome oxidase. Solutions 
of AAN were prepared by dissolving weighed amounts of AAN. H2SO4 in a small quantity of 
distilled water,  carefully neutralized with NaOH,  and diluted to the desired concentration 
with NaOH. KH~PO4 buffer (pH 7.4). 
TABLE  I 
Outline  of Experimental  Procedure 
Tube No. 
Cytochrome oxidase* (1), m/ ...... 
Cytochrome oxidase~ (2), ml ...... 
Cytochrome oxidase§ (3), ml ...... 
Cytochrome oxidase[]  (4), ml ...... 
AAN.H2SO4 (neutralized with 
NAOH),¶  ~  .................. 
NACN,** ml .................... 
0.03 ~  KH2PO,-NAOH  buffer, pH 
7.4 ........................... 
1 
~.05 
2  3 
0.1{  0.0,  05 
--  0.9 
--  --  9 
5  6  7  8 
0.0, 
).1{ 
0.9 
9  10  11 
O. 05 0. OS 
0.9  -- 
0.9 
Quantity sufficient for final volume of 
3 cc. 
Cytochrome C, 2  g/mZ ..........  ,.0  l,.0 I,.0 11.0 !1.0 [1.0 ]1.0 110 ]1.0 11.0 110 
* Rat heart cytochrome oxidase. A 1:100 dilution of the final volume used by Keilin (7). 
:~ Cytochrome oxidase from 3 day croton oil pouches. A  1:6 dilution of the final volume 
used by Keilln (7). 
§ Cytochrome  oxidase from 5  day  croton oil pouches. 
I[ Cytochrome oxidase from rat dermis. 
¶ 3.3 X  10  --8 :~ neutralized AAN-H2SO4 used at times plotted in Figs. 3 and 6. 
** Concentration of NaCN varied according to Figs. 2 and 6. 
An indication of gradual decomposition of neutral AAN solutions was suggested by an 
observation that neutral 3.3 X  10  -1 ~t AAN solutions changed from colorless to yellow-green 
within 24 hours at room temperature, and gradually acquired the odor of cyanide. The rate 
of  decomposition of  AAN was  followed  by removing a]iquots at  intervals from  a  freshly 
prepared 3.3 X  10  -s ~  AAN solution kept at 37°C.  The aliquots were tested for their ability 
to inhibit cytochrome C  oxidase. 
Cytochrome C and NaCN solutions were also prepared using the NaOI-I-KH~PO, buffer. 
Cytochrome C oxidase was determined using a modification of the spectrophotometric method 
described by Cooperstein and Lazarow (10). The reagents were added in the following order: 
cytochrome oxidase, inhibitor, buffer, and cytochrome C. The reaction was timed upon the 
addition of cytochrome C. The rate of cytochrome C  oxidation was followed by measuring 
the  change in  absorbance at  0.5  minute intervals with a  Beckman  spectrophotometer.  A 
relative transmittance method of photometry  (11) was employed in that a standard of cyto- 
chrome C, cytochrome oxidase, and buffer was placed at 100 per cent transmission. 
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solution was plotted against time of the reaction. Changes in the slopes of lines obtained in 
such plots when compared with a control reaction enabled a calculation of cytochrome oxidase 
inhibition. 
RESULTS 
Rat  myocardium  contained  high  cytochrome  oxidase  activity  confirming 
previous reports (10,  12).  Fig.  1 illustrates the varied reaction rates obtained 
with  different  volumes  of  cytochrome  oxidase  preparation.  Inhibition  of 
myocardial cytochrome oxidase by NaCN is illustrated  in  Fig.  2.  Data pre- 
sented in Fig. 2 resemble that obtained by Wainio and Greenless (13)  in that 
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FIG. 1. A=absorbance.  T--time in minutes. Rate of oxidation of cytochrome C by 0.05 
and 0.10 ml rat myocardial cytochrome oxidase. Numbers on line refer to tube number in 
Table I. 
F1o. 2.  Inhibition  of cytochrome C oxidase from rat myocardium by varying  concen- 
trations of NaCN. 
inhibition of cytochrome oxidase is not directly proportional to the concentra- 
tion of added cyanide. 
The 3.3 X  10  -3 ~¢ solution of neutr, l~zed AAN.H2SO4 did not exhibit a color 
change, but had a detectable cyanide odor at 8 hours. Freshly prepared solutions 
of MAAN and AAN did not inhibit  cytochrome oxidase indicating  that  the 
compounds as prepared were not contaminated with cyanide. MAAN (3.3  X 
10  -3 M) permitted to stand for 24 hours did not acquire a cyanide odor or in- 
hibit cytochrome oxidase. Aliquots removed at 2 hour intervals from the neu- 
tral 3.3  X  10  -3 M AAN.H2SO4 solution showed progressive inhibition of cyto- 
chrome oxidase (Fig.  3). 
Connective  tissue from rat granuloma pouches also contained  cytochrome 
oxidase activity  (Figs.  4,  5).  The activity or amount of cytochrome oxidase 
varied with the maturity of connective tissue in that connective tissue from 5 558  CYTOCHROME  OXIDASE 
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FIG. 3.  Inhibition of cytochrome C oxidase by 10  -3 M  neutralized AAN. H2SO4 as a function 
of time at 37°C. T =  time in hours. 
FIG. 4.  Rates of cytochrome  C oxidation  by 2 different vohimes of cytochrome  oxidase 
from 3 day connective tissue pouches. 
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FIG. 5.  Rate of oxidation of cytochrome C by cytochrome oxidase from 3 and 5 day con- 
nective tissue pouches and dermis. 
FIG. 6.  Inhibition  of the cytoehrome  C oxidase, from 3 day connective tissue  pouches, 
by 10  -3 ~t NaCN and 10  -~ ~ neutralized AAN.H~SO, incubated  at 37°C for 0.5 and 18 hours 
(tubes 9 and 10, respectively). 
day  pouches  contained  less  cytochrome  oxidase  than  the  3  day  connective 
tissue. Dermal connective tissue had no detectable cytochrome oxidase activity. 
Microscopic examination of the connective tissue analyzed disclosed changes in 
cell population and morphology consistent with  the degree of maturation and 
metabolic  activity.  The  more  immature  connective  tissue  was  very  cellular I. J. CLE~M'ONS  AND  E.  B. JACKSON,  JR.  559 
and  vascular  with  fibroblasts  having  abundant  basophilic  cytoplasm,  large 
nuclei, and prominent nucleoli. The fibroblasts at 5 days had less  cytoplasm, 
nucleiwere smaller. Refractile bands of collagen were apparent at 5 days, and 
the tissue was less vascular. The dermis contained relatively few cells, primarily 
fibrocytes, dense broad bands of collagen, and was relatively avascular. 
The cytochrome oxidase of connective tissue was also inhibited by cyanide 
and by neutralized AAN (Fig. 6). 
DISCUSSION 
Neutral solutions of AAN are unstable and gradually decompose to form a 
substance, probably cyanide, that is a  potent inhibitor of cytochrome oxidase 
extracted from rat myocardium and rat connective tissue. In addition to cyto- 
chrome oxidase inhibition, cyanide formation was suggested by a color change 
and cyanide odor detected in neutral solutions of AAN that stood for several 
hours. 
The hydrolysis  of aminonitriles  may take place as follows (14): 
R~NH  +  I~CO +  HCN  (la) 
S 
R2NCR~CN 
R~NCR2CNH2 ~  R2NCI~C  =  O  (lb) 
II  I 
O  OH 
Keilin (15) reported  that acetonitrile  did not inhibit  cytochrome oxidase. The amino 
group, apparently essential in the structure of compounds with lathyrogenic  activity 
may contribute not only to the instability  of these compounds but also to their trans- 
port,  metabolism,  and  subsequent  conversion  to  derivatives  capable  of inhibiting 
cytochrome oxidase. AAN is the most potent and apparently most unstable  of the 
aminonitriles  with lathyrogenic  activity. 
The identification  of cyanoacetic acid as a metabolite  of BAPN but not of AAN 
is of importance  in considering the action  of these compounds. Results  suggest that 
aliphatic  nitriles are metabolized to form carboxynitriles which may undergo ~3 oxida- 
tion (16), a reaction associated with mitochondrial enzymes (17). As aminonitriles are 
apparently metabolized within mitrochondria,  the decomposition of these compounds 
to form HCN is of importance  in that cyanide may inhibit  cytochrome oxidase and 
other enzymes of mitochondria. 
Studies of the metabolism of AAN labeled with  C  I* in its cyanide group indicated 
that the major portion of  the  radioactivity appeared  in  the urine,  as  unidentified 
metabolites,  within  24 hours (18). Fig. 3 illustrates  that a neutral  solution of AAN 
kept at 37°C for 6 hours decomposed and inhibited  cytochrome oxidase to the same 
extent as a 10  -5 M solution of NaCN. If the inhibition is due to cyanide formation as 
indicated  in equation  1 a there would be a  10  --5 M decrease in the 10  -3 x~ solution of 
AASN. Cyanide is such a potent inhibitor  of cytochrome oxidase that if only 0.01 per 560  CYTOCtt'ROMIE  OXIDASE 
cent of the AAN that enters mitochondria decomposes to form HCN the effect could 
be dramatic. 
The correspondence between cytochrome oxidase activity and the degree of cellu- 
larity and vascularity of connective tissue  suggests  that this enzyme reacts as an 
adaptive or inductive enzyme responding  to various stimuli,  thus resembling yeast 
where there appears to be a direct correlation between respiratory activity and cyto- 
chrome content (19). In anaerobically  grown yeast the cytochrome oxidase and cyto- 
chrome C content are very low. Adaptation of the yeast to oxygen leads to restoration 
of respiratory activity and increase in cytochrome oxidase and cytochrome C. 
The characteristic sites of connective tissue injury by AAN may be associated 
with the metabolic activity of these sites and the presence of enzymes that can 
be inhibited. Dermal connective tissue of adult rats is not altered when AAN is 
given, but does undergo histologic alteration when mechanical stress is applied 
to the dermis of an animal given AAN (6). Alterations in mechanical stress on 
connective tissue are apparently an important factor in the functional adapta- 
tion of connective tissue and its enzyme systems. 
Although MAAN is a potent lathyrogenic agent it did not inhibit cytochrome 
oxidase. The structure of this compound suggests that it may be converted to 
AAN while being metabolized. Hydrogen sulfide and azides are known inhibi- 
tors of cytochrome oxidase and it is possible that mercaptoamines and semi- 
carbazides with lathyrogenic activity may give rise to metabolites inhibiting 
cytochrome oxidase. 
Cytochrome oxidase is present within tissues that are apparently unaffected 
by AAN. Preliminary studies of the in vivo action of NaCN and AAN indicate 
that  the  cytochrome oxidase content of liver may increase  and  myocardial 
cytochrome oxidase decrease following repeated sublethal injections of NaCN 
into rats.  The more highly developed tissues apparently have the ability to 
rapidly detoxify cyanide. Enzymes required for this reaction may not be present 
in connective tissue cells. 
Experiments in this report are concerned with the in vitro action of AAN on 
cytochrome oxidase and illustrate  that  this  compound decomposes with  the 
formation of a  substance, probably HCN,  that is a  potent inhibitor of cyto- 
chrome oxidase. Although in vivo experiments indicating an alteration in cyto- 
chrome oxidase activity are required to further implicate this enzyme in the 
connective tissue  disorders  produced by lathyrogenic compounds,  there  are 
observations other than those included in this report that warrant further in- 
vestigation of the importance of cytochromes in connective tissue metabolism: 
(a)  cytochrome oxidase is a  copper-containing enzyme (20) ; (b)  tissue content 
of this enzyme is decreased in animals fed a copper-deficient diet (21); (c) bone 
lesions resembling those of scurvy (23) and dissecting aneurysms (24) occur in 
animals fed a copper-deficient diet; (d) cytochrome oxidase is decreased in con- 
nective tissue cells of scorbutic guinea pigs (22). .i..  J. CLEMMONS  AND  E. B. ~'ACKSON, ~'R.  561 
Further in vivo studies to investigate the role of cytochromes in the patho- 
genesis of injury by lathyrogenic agents are in progress. 
SUMMARY 
Amlnoacetonitrile (AAN) decomposes with the formation of a substance that 
is a potent inhibitor of cytochrome oxidase. The inhibitor is probably cyanide. 
Connective tissue contains cytochrome oxidase that varies in amount with the 
maturity of the tissue and is also inhibited by the product of AAN decomposi- 
tion. 
The authors wish to acknowiedge  the helpful suggestions  of Dr. Alan R. Moritz. 
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